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DOPANTS FOR LIQUID-CRYSTAL DEVICES 



Background 

This invention concerns high-dielectric colorless or virtually 
colorless dopants for low-voltage and timable clearing temperature 
liquid-crystal devices. 

A few high dielectric anisotropy compounds have been reported in 
the literature. 

For example, Wu et al., Asia Display , pp. 567-70 (1995) discloses 
nitro-amino azobenzenes and tolanes with the following structures: 
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In another example, Kippelen et al,, Science 279, 54 (1998) 
discloses bicyano-amino polyene dyes with the following structure: 




A general problem with the compounds and dyes disclosed by Wu et 
al. and Kippelen et al. is that their absorption is too large in 
the visible region. As a result, their light transmission is 
greatly reduced. This is particularly imdesirable for some 
displays and electro-optic modulators where high transmittance is 
required. 



Summary 

The invention involves new colorless or virtually colorless dopant 
compoxmds that exhibit an extraordinarily large dielectric 
anisotropy, a reduced elastic constant, and relatively low 
viscosity when mixed with liquid crystals. Therefore, adding a 
few percent of such dopant compounds to a liquid-crystal mixture 
reduces its operation voltage significantly. The low- voltage 
operation enables a low-cost electronic driver to be used. In 
addition, the clearing temperature and birefringence of the 
mixture can be tuned by 
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simply adjusting the concentration of the dopants. 
Brief Description of the Drawings 

Figure 1 is a graph showing the voltage-dependent phase change of 
four E63™ liC cells that were studied. 

Figure 2 is a graph showing the optical density of 1% the compound 
of formula I in a ZLI-2359™ LC mixture and the optical density of 
1% the compound of formula IV in an ZLI-2359™ LC mixture. 

Figure 3 is a graph showing dopant concentration-dependent 
clearing temperature (dots) and birefringence (squares) of an E7™ 
liquid-crystal mixture,. 

Description 

The dopant compounds of the present invention are colorless or 
virtually colorless. That is, their absorption in the visible 
region is very small. (Typically, the absorption loss in the 
visible region or spectrum at room temperature (e.g., 
approximately 20-3 O^C or approximately 22^0) is greater than or 
equal to 0 (or about .01%) and less than or equal to about 5%; 
preferably, the absorption loss in the visible region is greater 
than or equal to 0 (or about ,01%) and less than or equal to about 
1%; more preferably, the absorption loss in the visible region is 
greater than or equal to 0 (or about ,01%) and less than or equal 
to about .05%; even more preferably, the absorption loss in the 
visible region is greater than or equal to 0 and less than or 
equal to about .01%; and ideally the absorption loss in the 
visible region is close to 0.) Absorption loss is defined as the 



percentage of the input light that is absorbed by the mediinn. 

The dopant compounds of the present invention also possess a very 
large dielectric anisotropy at room temperature of approximately 
20-30^C or approximately 22^C (e.g., greater than about 50; 
preferably greater than about 60; and more preferably greater than 
about 70) and a low viscosity at room temperature of approximately 
20-30*^C or approximately 22^C (e.g., lower than about 50 centi- 
poise; preferably lower than about 30 centi-poise; and more 
preferably lower than about 15 centi-poise) . 

These dopant compounds help reduce the operation voltage for both 
polar and non-polar liquid-crystal (LC) mixtures. In addition, 
the nematic range and birefringence of LC mixtures can be tuned by 
adjusting the concentration of the dopant compounds of the present 
invention. That is, these dopant compounds can be used to tune 
the clearing temperature of LC mixtures. 

Thus, the invention includes a composition comprising one or more 
of the dopant compounds and a liquid-crystal mixture. (A liquid- 
crystal mixture may comprise or' consist of only one liquid-crystal 
compound or may comprise or consist of two or more liquid-crystal 
compounds, wherein a liquid- crystal compound is a compound that 
exhibits a liquid-crystal phase. Examples of liquid- crystal 
mixtures include, but are not necessarilty limited to, Merck's E7™ 
liquid- crystal mixture, Merck's E63™ liquid-crystal mixture, and 
Merck's ZLI-2359™ liquid- crystal mixture. The reason for mixing 
two or more LC compounds to yield an LC mixture is to widen the LC 
mixture's temperature range (i.e., the range from the melting 
point to the clearing point) because a single LC compound may not 
have a wide enough temperature range. The usually preferred 



4 



storage temperature for an LC device is from about -40*^C to about 
80°C. When two or more LC compounds are mixed in the proper 
concentration, the melting point of the resulting mixture may drop 
to the lowest available melting point.) The dopant compound or 
compounds may comprise any percentage of the composition. Thus, 
the dopant compound or compounds may comprise by weight about 99% 
or less of the composition; the dopant compound or compounds may 
comprise by weight about 75% or less of the composition; the 
dopant compound or compo-unds may comprise by weight about 50% or 
less of the composition; the dopant compound or compounds may 
comprise by weight about 25% or less of the composition; the 
dopant compound or compounds may comprise by weight about 15% or 
less of the composition; the dopant compound or compounds may 
comprise by weight about 10% or less of the composition; the 
dopant compoxond or compounds may comprise by weight about 5% or 
less of the composition; the dopant compound or compounds may 
comprise by weight about 3% or less of the composition; and the 
dopant compound or compounds may comprise by weight about 1% or 
less of the composition. 

The composition described in the preceding paragraph preferably 
has at room temperature of approximately 2 0-30°C (or approximately 
22°C) a relatively high dn/dT (e.g., greater than about 0.005, or 
more preferably greater than about 0.01 or greater than about 
0.05), wherein n is a refractive index of the composition at a 
visible wavelength (e.g., about 4000 A to about 7000 A or, more 
specifically, about 633 nm) ) and T is the temperature of the 
composition in ""C. The dn/dT represents the rate of refractive 
index change versus the temperature; and, thus, the unit 
measurement of dn/dT in ^C-^. The larger the 3n/3T, the lower the 
laser power needed for realizing the nonlinear refraction effect, 
which is desirable. 

The invention includes a method for increasing a dn/dT of a liquid- 
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crystal mixture, the method comprising adding one or more of the 
dopant compoiands to the liquid-crystal mixture to yield a 
resulting mixture. The invention also includes a method for 
reducing an operation voltage of a liquid-crystal mixture, the 
method comprising adding one or more of the dopant compounds to 
the- liquid-cir/stal mixture to yield a resulting mixture. The 
invention includes a method for tuning a clearing temperature of a 
liquid-crystal mixture, the method comprising adding one or more 
of the dopant compounds to the liquid-crystal mixture to yield a 
resulting mixture. In addition, the invention includes a method 
for tuning birefringence of a liquid-crystal mixture, the method 
comprising adding one or more of the dopant compounds to the 
liquid-crystal mixture to yield a resulting mixture. The dopant 
compoiind or coinpoiinds may comprise any percentage of the resulting 
mixture. Thus, the dopant compound or compounds may comprise by 
weight about 99% or less of the resulting mixture; the dopant 
compoimd or compounds may comprise by weight about 75% or less of 
the resulting mixture; the dopant compound or compounds may 
comprise by weight about 50% or less of the resulting mixture; the 
dopant compound or compounds may comprise by weight about 25% or 
less of the resulting mixture; the dopant compound or compounds 
may comprise by weight about 15% or less of the resulting mixture; 
the dopant compound or compounds may comprise by weight about 10% 
or less of the resulting mixture; the dopant compound or compounds 
may comprise by weight about 5% or less of the resulting mixture; 
the dopant compound or compounds may comprise by weight about 3% 
or less of the resulting mixture; and the dopant compound or 
coinpounds may comprise by weight about 1% or less of the resulting 
mixture , 

The low voltage operation of an LC device is highly desirable 
because it enables a low cost electronic driver to be' used. Low 
threshold LC mixtures are particularly attractive for the 
cholesteric-LC display where the threshold voltage (V^h) increases 
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as the pitch length decreases. {D,L. White and G,N, Taylor, i. 
Appl , Phvs . 45, 4718 (1974)) The recently developed polymer- 
stabilized cholesteric displays exhibit an excellent brightness 
and wide viewing angle. However, their operation voltage remain 
quite high (-50 V^^, wherein V^^s represents root -mean -square 

voltage). (D.K. Yang, et al,, Appl. Phys. Lett, 64/ 1905 (1994)) 
Consequently, there is an urgent need to reduce the operation 
voltage of these LC devices. 

Based on the Freedericksz transition, the V^h of a homogeneously 
aligned LC cell is governed by the splay elastic constant (K^i) and 
dielectric anisotropy (Ae) of the LC material according to the 
formula: V^j^=71(K^3^/Ae)^/^ . A simple way to reduce V^^ is to use high 

Ae LC's, i.e., polar LC's with a large dipole moment, such as cyano 
group. Several cyano -biphenyl LC's (e.g., 4-cyano-4 ' -n- 
pentylbiphenyl {5CB) ) do exhibit a large dielectric anisotropy (Ae 

-10) and a relatively low melting point. These compounds have 
become the major components of many commercial LC mixtures, 
despite the fact that their clearing temperature (T^) is not 

sufficiently high. To enhance the clearing point of LC mixtures, 
some high-Tc components are added. A general trend for the high-T^ 

LC compounds is that their melting point is also very high. For 
example, the melting-point temperatures (T^^p) of cyano- terphenyl 

(5CT) and cyano-diphenyl-diacetylene (PTTP-6CN) are ISl'^C and 
145. 3°C, respectively. A high melting point implies that the com- 
pound will have a poor solubility for forming eutectic mixtures. 

In this disclosure, we present some colorless (or virtually 
colorless) , high-dielectric compounds for use as dopant materials 
for lowering the V^j^ of LC mixtures. Since these dopants possess a 

huge dielectric anisotropy, adding -3% of such a dopant to an LC 
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mixture is enough to significantly reduce V^h while keeping 
viscosity low. 



The invention comprises compounds illustrated below by the 
following foinnnula A: 



X 



wherein X is selected from the group consisting of 




Ry Rw 



and 




wherein D is selected from the group consisting of NRaRb' ^^a 
PR^Rb, and R^; 

wherein A is selected from the group consisting of: 



O 

II 



NC Rd02C R3O2C F3C RhC O2N 



NC NC Rg 





Ri Rk 
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wherein R^, Rb, and R^ are the same or different and are each independently selected from the 

group consisting of: H; a linear, branched, or cycHc alkyl group; -(CH2CH20)Q^-(CH2)pOR^j; 

-(CH2CH20)^.(CH2)pNRa2Ra3; -(CH2CH20V(CH2)pCN; -(CH2CH20)e,-(CH2)pCl; 
-(CH2CH20)^-(CH2)pBr; -(CH2CH20)c,-(CH2)pI; -(CH2CH20)«-(CH2)p-Phenyl; 
-(CH2)ct(CF2)yCF3; and an aryl group; 

wherein R^, Re, Rf, Ri, Rm> Rn^ Rq' Rp' Rq' Rs' Rf Ru' Rv> Rw and Rx are the same or 
different and are each independently selected from the group consisting of: H; a linear, branched, 
or cychc hydrocarbon group that is saturated or unsaturated; a linear, branched, or cyclic alkyl 

group; -(CH2CH20)„-(CH2)pOR^i; -(CH2CH20)„-(CH2)pNR^2RA3-. 
-(CH2CH20)„-(CH2)pCN; -(CH2CH20)e,-(CH2)pCl; -(CH2CH20)„-(CH2)3Br; 
-(CH2CH20V(CH2)pI; -(CH2CH20)„-(CH2)p-Phenyl; -(CH2)a(CF2)yCF3; and an aryl group; 

wherein Rg, R^, Rj, and are the same or different and are each independently selected from 
the group consisting of: H; a linear, branched, or cyclic hydrocarbon group that is saturated or 
unsaturated; a linear, branched, or cyclic alkyl group; -(CH2CH20)^-(CH2)pOR^j; 

-(CH2CH20)„-(CH2)3NRa2Ra3; -(CH2CH20)„-(CH2)pCN; 
-(CH2CH20)„-(CH2)pCl; -(CH2CH20)„-(CH2)pBr; -(CH2CH20)„-(CH2)3l; 
-(CH2CH20)„-(CH2)p-Phenyl; an aryl group; -(CR2)JCp2)yCp3' and -CORj; 



wherein each aryl group is optionally independently selected from 
the group consisting of 




wherein R^^, R^2' ^a3' ^a4' ^a6' ^'^^ ^a8 the same or 

different and are each independently selected from the group 
consisting of H, a linear alkyl group, a branched alkyl group, and 
a cyclic alkyl group; 

wherein E is selected from the group consisting of S, 0, and NRg; 

wherein the linear, branched, or cyclic hydrocarbon group that is 
saturated or unsaturated optionally includes up to 25 (or 8 or 5) 
carbon atoms (exemplary unsaturated hydrocarbons include, but are 
not necessarily limited to, ethylene, propylene, butene, 
methylpropene, pentene, hexene, methylbutene, ethyne, propyne, 
butyne, pentyne, hexyne, cyclopropene, cyclobutene, cyclopeiitene, 
cyclohexene, cycloheptene, cyclooctene, cyclononene, 
cyclobutadiene, and cyclohexadiene; examplary saturated 
hydrocarbons are set forth in the next paragraph) ; 

wherein the linear, branched, or cyclic alkyl group optionally 
includes up to 25 (or 8 or 5) carbon atoms (exemplary alkyl groups 
include, but are not necessarily limited to, methyl, ethyl, 
propyl, butyl, pentyl, hexyl, heptyl, octyl, and nonyl, in the 
normal, secondary, iso, and neo attachment isomers; cyclopropane; 
cyclobutane ; cyclopentane ; cyclohexane ; cycloheptane ; cyclooctane ; 
cyclononane; and decalin) ; 
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wherein a is an integer that is greater than or equal to 0 

and less than or equal to 25 (or less than or equal to 8 or 5 or 2 
or 1) ; 

wherein P is an integer that is greater than or equal to 0 

and less than or equal to 25 (or less than or equal to 8 or 5 or 2 
or 1); 

wherein y is an integer that is greater than or equal to 0 and 
less than or equal to 25 (or less than or equal to 8 or 5 or 2 or 

1); 

wherein when D is NR^R^, then a optionally is greater than or equal to 1 and less than or 
equal to 25; 

wherein when Ri, B^, R^, Rg, and R^. are each H, and R^, Rp, and 
D are each -CH3, A optionally is not C(CN) (CN) ; 

wherein when R^, R^^, R^, R^, and Rp are each H, and R^, R^, and 
D are each -CH3, A optionally is not C(CN) '(CN); 

wherein when R^, R^, Rp, Rg, and R^ are each H, and R^, R^^^, and 
D are each -CH3, A optionally is not C(CN) (CN) ; 

wherein when R-^, R^^^, R^, R^, Rp, Rg, and R^ are each H, and D is 
-CH3, A optionally is not C(CN) (CN) ; and 

wherein * represents an attachment point (e.g., the 
attachment point at which A attaches to X) . 

In one embodiment, preferably in formula A, R^, R^^^, R^/ Rq/ Rp/ Rq/ 
R3., R^, Ru/ R^/ R^. and R^ are each H, A is C(CN) (CN) , and D is R^ 
or ORy, wherein R^ is selected from the group consisting of a 
linear alkyl group, a branched alkyl group, and an aryl group. 

The procedures for making the above-described compounds are set 
forth below schematically. 
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IV V 



The first step in procedure 1 (i.e., the step that uses compound I to make compound 11) is called a 
Birch reduction. The Birch reduction is described in greater detail in the following two articles, 
which are incorporated herein by this reference: E. Piers, J.R. Grierson, J. Org. Chem. , 1997, 
42, 3755-3757; and P. Radlick, J. Org. Chem. , 1965, 30, 3209-3211. The last step in procedure 
1 (i.e., the step that uses compound IV to make compound V) and below-described procedures 3a, 
3b, 3c, and 3d are called Knoevenagel condesation reactions. Knoevenagel condesation reactions 
are described in greater detail in the following two articles, which are incorporated herein by this 
reference: R. Lemke, Synthesis . 1974, 359-361; and A.J. Fatiadi, Synthesis . 1978, 165-204. 

Procedure 2a: 




n VI 
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Procedure 2b: 




In procedure 2b, and % are not both aryl groups. 
Procedure 2c: 




In procedure 2c, and Rj^ are not both aryl groups. 
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Procedure 3a: 





Procedure 3c: 
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Procedure 3d: 




In the procedures described above, AH2 is selected from the group 
consisting of: 
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Compounds wherein D is SR^ may be made by a procedure analogous to 
procedure 2a above; and compounds wherein D is PRaR-b be made by 
a procedure analogous to procedure 2b above. 

Four compounds of the above-described invention were studied. 
Their molecular structures are shown below in formulas I-IV, 




CN 



CN 



(I) 



CH3 CH : 




(III) 




6ni3 



CN 



(II) 



CH3 CH3 




(IV) 



The melting point (in °C) and heat fusion enthalpy (in kcal/mol) of 
compoimds I-IV are set forth below in Table 1. 
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Table 1 



Compoimd 


Melting Point {in 

^ } 


Heat Fusion Enthalpy 

I in kcal /mol ^ 


Formula I 


84.0 


5.93 


Formula II 


3.4 


5.32 


Formula III 


74.9 


6.35 


Formula IV 


61.2 


4.98 



There are several reasons for designing these linear polyene 
molecules. First, these linear polyene molecules exhibit a 
considerable charge transfer that is confined along the quasi-one- 
dimensional 7i-conjugated bridge (i.e., along the bridge comprising 
two or more unsaturated (e.g., double) bonds). Second, the 
incorporation of the polyene into a ring-containing bridge 
prevents isomerization resulting in improved thermal and 
photochemical stability. Third, the ability to change alkyl 
groups allows one to control the melting temperature so as to tune 
the solubility to the LC's. Fourth, the two cyano or cyano/amino 
groups provide (or more broadly the A group in formula A provides) 
a huge push-pull effect for enhancing the dipole moment; and 
fifth, the cyano acceptors themselves have (or more broadly the A 
'group in formula A has) a large group dipole moment. 



The threshold voltage, visco-elastic coefficient, and absorption 
spectra of the compooinds of formulas I-III were measured. (The 
compound of formula IV is a chiral material, so its physical 
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properties were not studied, ) In the saicple preparation, we mixed 
3% of each compound in a commercial E63™ LC mixture. (E63™ LC 
mixture is a Merck mixture. Its major components are alkyl cyano- 
biphenyl and alko^Q^ cyano-biphenyl , This mixture was used because 
it has very wide nematic range: its melting point is below -40°C 
and its clearing point is about 87*^C.) These guest-host mixtures 
were then injected into a homogeneous -aligned cell. The cell gap 
{i.e., the gap between substrates in a liquid-crystal display) was 
controlled by spacers to be about 5.6 ym, and the pretilt angle 
was -2°. (The pretilt angle is the angle inclined on the liquid 
crystal substrates. This way, liquid crystals know which way to 
relax back without creating instability. A typical pretilt angle 
of an LC cell is 1-5^.) The voltage-dependent phase change method 
was used for determining the threshold voltage. (The voltage- 
(jependent phase change method has been described in Wu, et al., 
Phvs. Rev. A. 42, 2219-2227 (1990), which is incorporated herein 
by this reference.) Results measured at X-=633 nm are plotted in 
Figure 1. 

In Figure 1, the axis labelled "Phase Change (71)" is the phase of 
a liquid crystal cell, wherein the phase is described as 8=27CdAn/X-; 
where d is the cell gap. An is the effective birefringence and X 
is the wavelength. When a voltage is applied to the liquid 
crystal cell, the effective birefringence is decreased as the 
applied voltage is increased. Thus, a phase change 0.57C means 
8(V=0) - S(V) = 27td[An(V=0) - An{V)]/A.= 0.57C. 

In Figure 1, the solid circles represent experimental data of pure 
E63™ LC mixture; the open circles are for 3% of the compound of 
formula I dissolved in E63™ LC mixture (i.e., 3% by weight of the 
total mixture of the compound of formula I and the E63™ LC 
mixture) ; the diamonds are for 3% of the compound of formula II 
dissolved in E63™ LC mixture (i.e., 3% by weight of the total 
mixture of the compound of formula II and the E63™ LC mixture) ; 
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and the triangles are for 3% of the compoxind of formula III 
dissolved in E63™ LC mixture (i*e., 3% by weight of the total 
mixture of the compound of formula III and the E63™ LC mixture) • 

Results for the compounds of formulas 1/ II, and III overlap 
closely due to their similar structures. In the vicinity of 
threshold voltage, the voltage -dependent phase change is linear. 
From this linear extrapolation, the threshold voltage is obtained. 
From Figure 1, the V^h of E63™ LC mixture at f=2 KHz (f = 2KHz 

means the frequency of the applied AC voltage) and room 
temperature (approximately 22 ^C) is found to be --l.Ol Vrms- Adding 
3% by weight of the compounds of formulas I, II and III lowers the 
threshold voltage to 0.93 V^^, Knowing that E63™ LC mixture's Ae 

is 14.6, we estimate that the Ae of the compounds of formulas I, 
II, and III is extrapolated to be about 50, The observed 
dielectric anisotropy in the compounds of the present invention is 
similar to the dielectric anisotropy of the nitro-amino 
azobenzenes and tolans described in S.T. Wu, et al., Appl . Phvs . 
Lett. 64, 2191 (1994) and Asia Display pp. 567 (1995), and is 
smaller than the dielectric anisotropy of the bicyano-amino 
polyenes described in Wu, et al., Jpn. J. ApdI. Phvs. 37, L1254-56 
(1998) . However, these previously reported compounds are colored. 
They have strong absorption in the visible region; and, thus, use 
of these previously reported compounds is limited. 

Increasing dopant concentration would further reduce threshold 
voltage at the price of increased mixture viscosity. To evaluate 
the viscosity of these compounds, the decay time was measured for 
these LC cells with 3% concentrations (by weight) of the compounds 
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of formulas I, II, and III. Through time-dependent phase change 
measurements, the visco-elastic coefficients iJi/K^i) of the guest- 
host mixtures were determined. (The time -dependent phase change 
method has been described in Wu, et al., Phys. Rev. A. 42, 2219- 
2227 (1990).) The measured visco-elastic coefficient (Yi/Kn) for 

3% of the compound of formula I dissolved in E63™ LC mixture was 
20 ms/pm^; the measured visco-elastic coefficient (y^/K^^) for 3% of 
the compound of formula II dissolved in E63™ LC mixture was 23.8 
ms/iim^; and the measured visco-elastic coefficient (Yi/K^i) for 3% 
of the compound of formula III dissolved in E63™ LC mixture was 
23.7 ms/ym2. 

The viscosity of an LC compound is determined by its moment of 
inertia, molecular shape, and temperature. The compoxind of 
formula I has the lowest viscosity as expected from theory because 
it has the shortest or smallest side chain (i.e., the shortest or 
smallest D group). (Wu, et al., Jon. J. A ppI- Phvs. 37, L1254-56 
(1998) .) According to this theoir/, the smaller X group is in 
formula A, the lower the viscosity and the higher the melting 
point and the clearing temperature. 

The absorption spectra of the compounds of formulas I, II, and III 
are nearly identical because of the structural similarity of these 
compounds. To measure absorption, 1% of the compound of formula I 
(by weight) was dissolved in a UV transparent LC host, ZLI-2359™ 
LC mixture; and 1% of the compound of formula IV (by weight) was 
dissolved in another ZLI-2359™ LC mixture. (ZLI-2359™ LC 
mixture, which is a UV transparent liquid crystal mixture made by 
Merck, includes some cyclohexane compounds that don't absorb UV 
light. Thus, ZLI-2359™ LC mixture is a good host for UV absorption 
measurements.) A homogeneous cell with an approximately 6-iJm cell 
gap was used for measurements. The results are shown in Figure 2, 
wherein "a.u." represents arbitrary units. Figure 2 shows that 
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the compoiinds of formula I and IV are highly transparent 
throughout the entire visible spectral region. 

The clearing temperature (T^) of such a guest-host system is 

reduced much faster than the linear extrapolation from a eutectic 
mixture: {Tc)gh = ^(Tc)g + (l-x) (Tc)h/ wherein x is the 

concentration of the dopant /guest, "g" refers to the guest, and 
"h" refers to the host. The host mixture E63™ LC mixture's 
clearing-point temperature is -SV'C, When 3% of the compound of 
formula II is added to the host, the extrapolated clearing-point 
temperature (T^) should be -8A.5^C, according to the formula set 

forth in the first sentence of this paragraph. However, the 
measured T^ was -65^0. This indicates that the compoiind of formula 

II causes a larger- than-expec ted molecular separation. This is 
evidenced by the fact that the mixture birefringence drops from 
0.22 for pure E63™ LC mixture to 0.21 and drops from 12,6 to 

11.2 pico-Newton after 3% of the compound of formula II is added 
to the E63™ LC mixture, 

A high clearing point (e.g., about 70-100°C) is normally 
preferred, but in some circumstances, a low clearing point finds 
interesting applications as well. For example, for nonlinear 
optical effects using isotropic LC's, it is important to have an 
LC mixture with an isotropic phase (i.e., a phase with no visible 
crystals) below room temperature. (The isotropic phase is the 
phase at which the liquid-crystalline behaviors disappear. As the 
temperature goes beyond the clearing temperature, the liquid 
crystal becomes an isotropic liquid. That means many or all the 
anisotropic behaviors, such as optical and dielectric anisotropy, 
disappear.) The light scattering of an LC at the isotropic state 
is 2-3 orders of magnitude lower than that in the nematic state. 
(S.T. Wu and K.C. Lim, AddI . Oiot. 26, 1722-1727 (1987) .) (The nematic 
state means the temperature range in which the nematic phase exits. 
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Liquid crystal exists in only a certain temperature range. The 
sequence of phase transition is: crystalline phase, nematic phase, 
and isotropic phase.) 

Another potential application of this tunable is to control the 

mixture with large temperature-dependent refractive indices, 9n/BT. 
It is well-known that dn/dT is much enhanced when the temperature 
is about 2-3 degrees Centigrade below T^. (I.C. Khoo and S.T. Wu, 

Optics and Nonlinear Optics of Liquid Crystals (World Scientific, 
Singapore, 1993)) For example, to operate a liquid crystal device 
at room temperature (e.g., 22°C) , then one must design a liquid- 
crystal mixture with a clearing point about 2-5 degrees Centigrade 
above room temperature in order to take advantage of a large dn/dT. 

Figure 3 shows the concentration-dependent clearing temperature 
(left) and birefringence (right) of a Merck E7™ liquid-crystal 
mixture. The compound of formula II was used as the guest dopant; 
and an E7™ LC mixture was used as the host. The major component 

of an E7™ LC mixture is cyano-biphenyl . The melting point of the 
E7™ LC mixture is about 59.5^C; and An is about 0.224 at room 
temperature (about 22^C) and AF=633nm. As the guest concentration 
increased, both the clearing point and birefringence decreased 
almost linearly. At about 10% concentration by weight (i.e., when 
the guest comprised about 10% by weight of the guest-host 
mixture), the guest-host mixture's clearing point dropped to about 
28°C; and birefringence dropped to about 0,135. The decreased 
birefringence is partly related to the decreased clearing point. 
At a low clearing point, the corresponding order parameter of the 
mixture at room temperature is reduced. On the other hand, at 10% 
concentration, the guest-host mixture ^s melting temperature was 
suppressed to about -30^C. Thus, the 10% guest-host mixture not 
only had a large dn/dT (the rate of refractive index change) at 
room temperature (about 22^C) , but also had a low melting 
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temperature for practical applications. 

The compounds of formulas I, II, III, and IV were made by a 
Knoevenagel reaction between ketones and malononitrile with a few 
drops of piperidine. Details regarding procedures 1, 2a, 2b, 2c, 
3a, 3b, 3c, and 3d, which are described above, can be found in the 
following preparation procedures. 

Preliminary step: Preiparina 3-Hexvl-2-cvclohexenone 




To a solution of 3-ethoxy-2-cyclohexenone (8,62 g, 6r.50 mmol) in 
dry THF (tetrahydrofuran) , hexylmagnesuim bromide (15.38 mL, 2.0 
M, 30.75 mmol) was added dropwise with stirring. The mixture was 
kept at O^C (in an ice-water bath) during the whole process and 
then was allowed to warm (the ice-v/ater bath was removed) to 
ambient temperature (approximately 22^C) . Hydrochloric acid (10 
mL, 3.0 M) was added to the above mixture. The mixture was 
extracted with diethylether 3 times. The combined organic 
layerswere washed with water and then dried over magnesium 
sulfate. The product was further purified by flash chromatography 
on silica gel using 10:100 (dicholomethane :hexane (volume : volume) ) 
to yield 6.17 g (xx%) of 3-hexyl-2-cyclohexenone . ISIMR (300 MHz, 

CDCI3): 5 5.78 (s, 1 H), 2.40-2.20 (m, 4 H) , 2.20-2.10 (t, J - 7.37 
Hz, 2H), 1.90 (p, J - 6,50 Hz, 2 H) , 1.42 (t, J = 7.30 Hz, 2 H) , 
1.22 (br, 6 H) , 0.81 (t, J = 6.70 Hz, 3 H) . ^^C NMR (75 MHz, 
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CDCI3): 200.06, 167.00, 126.04, 38.49, 37.80, 32.02, 30.11, 29.35, 

27.35, 23.21, 22.95, 14.42, GC/MS calculated for C12H20O 180.15, 

found 180.15. The foregoing gas chromatography /mass spectrometry 
measurements confirmed the structure. 

Preparing the compound of formula II 



CN 




3-Hexyl-2-cyclohexenone (6.17 g, 34.22 mmol) and malononitrile 
(6.78 g, 102.63 mmol) and piperidine (2 drops (i.e. approximately 
0.2 ml)) were stirred overnight (approximately 12 hours). The 
mixture was purified by flash chromatography on silica gel using 
10:100 (dicholomethane:hexane (volume : volume) ) to yield the 
compound of formula II (6.62 g (85%)). NMR (300 MHz, CDCI3) : 5 

6,57 (s, 1 H) , 2.71 (t, J = 6.31 Hz, 2 H) , 2.31 (m, 4 H) , 1.86 (p, 
J = 6.12 Hz, 2 H) , 1.51 (t, J = 7.31 Hz, 2 H) , 1.29 (br, 6 H) , 
0.88 (t, J = 6.60 Hz, 3 H) . ^^C NMR (75 MHz, CDCI3) : 171.32, 

167.03, 121.27, 121.08, 113.71, 112.97, 39.60, 32.03, 30.43, 
29.87, 29.49, 27.83, 23.00, 22.11, 14.51. HRMS (high resolution 
mass spectrometry) calculated for C3^5H2oN2 228.1626, found 228.1617. 

Elemental analysis calculated for CicHooNo; C, 78.90; H, 8.82; N, 
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12.26. Foirnd: C, 78.94; H, 8.87; N, 12.20. UV-Vis in CH2CI2 
= 305 ran. The foregoing data confirm the final product. 



Preparing the compound of formula I 




3-Methyl-2-cyclohexen-l-one (2.0 g, 18.16 mmol) , malononitrile 
(3.60 g, 54.47 mmol) and piperidine (3 drops (i.e., approximately 
0.2 or 0.3 ml) were heated to 8OOC overnight (approximately 12 
hours) . The product was purified by flash chromatography with 
hexane: acetone (10:1 (volume : volume) ) on silica gel to give 1.78 g 
(62%) of the compound of formula I. % NMR (300 MHz, CDCI3) : 6 
6.63 (s, 1 H), 2.71 (t, J = 6.50 Hz, 2 H) , 2.35 (t, J = 5.78 Hz, 2 
H), 2.08 (S, 3 H), 1.90 (p, J = 6.34 Hz, 2 H) . ^^C NMR (75 MHz, 
CDCI3) : 171.20, 162.47, 122.18, 121.08, 113.68, 112.92, 31.85, 
29.57, 25.84, 21.96. Anal, calculated for C10H10N2; C, 75.92; H, 
6.37; N, 17.70. Found: C, 75.80; H, 6.42; N, 17.85. UV-Vis in 
CH2CI2 \nax = 305 nm. The foregoing date for NMR, elemental 
analysis, and the compound's UV-Vis spectrometry confirm the 
structural identity of the final product. 
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Preparing the compound of formula IV 




(Is) - (-) -Verbenone (7.89 g, 52,50 mmol) , malononitrile (10.05 
157.50 mmol) , and piperidine (0.29 mL) were heated to 80^C 
overnight (approximately 12 hours) . The product was purified by 
flash chromatography with hexane : acetone (10:1) on silica gel to 
give 7.49 g (72%) of the compound of formula IV. NMR (300 MHz, 

CDCI3) : 5 6.48 (s, 1 H) , 3.33 (t, J = 5.55 Hz, 1 H) , 2.83 (q, J = 

5.40 Hz, 1 H), 2,49 (t, J = 5.53 Hz, 1 H) , 2,10 (s, 3 H) , 1.92 (d, 
J = 9.29 Hz, 1 H) , 1.57 (s, 3 H) , 0,93 (s, 3 H) . HRMS cald for 
C13H15N2 199.1235, foimd 199.1232. Anal, calculated for C13H15N2; 

C, 78.75; H, 7.11; N, 14.12. Found: C, 78.79; H, 7.09; N, 14.15. 

UV-Vis in CH2CI2 \a3oc= 320 nm. The foregoing date for ISIMR, 

elemental analysis, and the compound's UV-Vis spectrometry confirm 
the structural identity of the final product. 



26 



V 



Preparing the compound of formula III 




The compound of formula III was synthesized in the same manner as 
described above for the compound of formula I. Isophorone (7.25 
g, 52.46 mmol), malononitrile (10.05 g, 157.50 mmol) , piperidine 
(0,29 mL) were heated to 80^C overnight (approximately 12 hours). 
The product was purified by flash chromatography with 
hexane : acetone (10:1) on silica gel to give 6.89 g (73%) of the 
compound of formula III. % mm (300 MHz, CDCI3) : 5 6.63 (s, 1 H) , 

2.53 (s, 2 H), 2.20 (s, 2 H) , 2.05 (s, 3 H) , 1.03 (s, 6 H) . ^^C 
NMR (75 MHz, CDCI3) : 170.88, 160.37, 121.07, 113.70, 112,92, 46.21, 
43.18, 32.88, 28.33, 25.79. HRMS calculated for C12H14N2 185.1157, 
found 186.1150. Anal, calculated for C12H14N2 : C, 77.38; H, 7.57; 
N, 15.03. Found: C, 77.35; H, 7.59; N, 15.04. UV-Vis in CH2CI2 
X^^^ = 304 nm. The foregoing date for NMR, elemental analysis, and 
the compound's UV-Vis spectrometry confirm the structural identity 
of the final product. 
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All of the measurements set forth in this application are 
approximations . 

The invention illustratively disclosed herein suitably may be 
practiced in the absence of any element which is not specifically 
disclosed herein. 

The following claims are entitled to the broadest possible scope 
consistent with this application. The claims shall not 
necessarily be limited to the preferred embodiments or to the 
embodiments shown in the examples. 
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Claims 



1. A compound having a formula A: 




(formula A) 



wherein X is selected from the group consisting of 




wherein D is selected from the group consisting of NR^%, OR^, SR^, 
PR^Rb/ ^d R^; 

wherein A is selected from the group consisting of: 
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R.O^^ R^o,C Rc J 



3\ RkC o,n 





wherein R^, Rj,, and R^. are the same or different and are each independently selected from the 

group consisting of: H; a linear, branched, or cyclic alkyl group; -(CH2CH20)„-(CH2)pOR^i; 

-(CH2CH20)„-(CH2)pNRa2Ra3; -(CH2CH20)„-(CH2)pCN; -(CH2CH20)e,-(CH2)pCl; 
-(CH2CH20)„-(CH2)pBr; -(CH2CH20)„-(CH2)pI; -(CH2CH20)„-(CH2)3-Phenyl; 
-(CH2)„(CF2)yCF3; and an aryl group; 

V7herein Rj, R^, Rf, Ri, R^, Rp, Rq, Rr> Rs- Rf Ru> Rv Rw and R^ are the same or 

different and are each independently selected from the group consisting of: H; a linear, branched, 
or cyclic hydrocarbon group that is saturated or unsaturated; a linear, branched, or cyclic alkyl 

group; -(CH2CH20)„-(CH2)30R^i; -(CH2CH20)„-(CH2)pNR^2RA3; 
-(CH2CH20)„-(CH2)pCN; -(CH2CH20)a-(CH2)pCl; -(CH2CH20)„-(CH2)pBr; 
-(CH2CH20)„-(CH2)3l; -(CH2CH20)„-(CH2)3-Phenyl; -(CH2)a(CF2)YCF3; and an aryl group; 

wherein Rg, R^, Ri, and R^ are the same or different and are each independently selected from 
the group consisting of: H; a linear, branched, or cyclic hydrocarbon group that is saturated or 
unsaturated; a Unear, branched, or cyclic alkyl group; -(CH2CH20)j^-(CH2)pOR^j; 

-(CH2CH20)„-(CH2)pNRa2Ra3; -(CH2CH20)„-(CH2)pCN; 
-(CH2CH20)„-(CH2)pCl; -(CH2CH20)„-(CH2)pBr; -(CH2CH20)„-(CH2)pI; 
-(CH2CH20)„-(CH2)p-Phenyl; an aryl group; -(CH2)a(CF2)YCF3; -C02Rd; and -CORd; 
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wherein each aryl group is optionally independently selected from 
the group consisting of 



wherein R^^' %2' ^a3' %4' ^a6' %8 same or 

different and are each independently selected from the group 
consisting of H, a linear alkyl group, a branched alkyl group, and 
a cyclic alkyl group; 

wherein E is selected from the group consisting of S, O, and NR^; 

wherein the alkyl group is optionally substituted or unsubstituted 
and optionally includes up to 25 carbon atoms; 

wherein a is an integer that is greater than or equal to 0 and 
less than or equal to 25; 

wherein p is an integer that is greater than or equal to 0 and 
less than or equal to 25; and 




Ra2 



Ra5 
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wherein y is an integer that is greater than or equal to 0 and less 
than or equal to 25* 



2. A compound as claimed in Claim 1, wherein Rj^, R^, R^, R^, Rp, Rg, 
Rr/ Rf Rx H; wherein A is C(CN) (CN) ; and 
wherein D is R^ or OR^, wherein R^ is selected from the group 
consisting of the linear alkyl group, the branched alkyl group, 
the cyclic alkyl group, and the aryl group . 

3. A compound as claimed in Claim 1, wherein the compound is 
selected from the group consisting of 




4. A liquid-crystal dopant comprising a compound as claimed in 
Claim 1. 

5 . A liquid-crystal dopant comprising a compound as claimed in 
Claim 2. 

6. A liquid-crystal dopant comprising a compound as claimed in 
Claim 3 . 

7. A liquid-crystal dopant having at about 20-30°C an absorption 
loss in the visible region of less than or equal to about 5%; 
having at about 20-3 0°C a dielectric anistropy of greater than 
about 50; and having at about 20-3 0*^C a viscosity lower than about 
50 centi-poise, 

8. A composition comprising a liquid-crystal mixture and a 
liquid-crystal dopant as claimed in Claim 7, wherein the 
composition at about 20-30°C has a 3n/8T larger than about 0,005, 
wherein n is a refractive index of the composition at a visible 
wavelength and T is a temperature of the composition in ""C. 

9. A composition comprising a liquid-crystal mixture and a 
compound as claimed in Claim 1 . 

10. A composition as claimed in Claim 9, wherein the compound 
comprises less than or equal to about 50% by weight of the 
composition. 

11. A method for reducing an operation voltage of a liquid- 
crystal mixture, the method comprising adding the compound claimed 
in Claim 1 to the liquid-crystal mixture. 
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12. A method as claimed in Claim 11, wherein an amount of the 
compound is added to and mixed with the liquid-crystal mixture to 
yield a resulting mixture, wherein the amount of the compound is 
less than or equal to about 50% by weight of the resulting 
mixture . 



13 . A method for tuning a clearing temperature of a liquid- 
crystal mixture, the method comprising adding the compound claimed 
in Claim 1 to the liquid-crystal mixture. 

14. A method as claimed in Claim 13, wherein an amoxint of the 
compound is added to and mixed with the liquid-crystal mixture to 
yield a resulting mixture, wherein the amount of the compound is 
less than or equal to about 50% by weight of the resulting 
mixture . 

15 . A method for tuning birefringence of a liquid-crystal 
mixture, the method comprising adding the compound claimed in 
Claim 1 to the liquid-crystal mixture, 

16. A method as claimed in Claim 15, wherein an amount of the 
compound is added to and mixed with the liquid-crystal mixture to 
yield a resulting mixture, wherein the amount of the compound is 
less than or equal to about 50% by weight of the resulting 
mixture . 

17. A method for increasing a dn/dT of a liquid-crystal mixture, 
the method comprising adding the compound claimed in Claim 1 to 
the liquid-crystal mixture to yield a resulting mixture, 
wherein the resulting mixture at about 2 0-30°C has a dn/dT larger 
than about 0.005, wherein n is a refractive index of the resulting 
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mixture and T is a temperature of the resulting mixture in ^C. 

18, A method as claimed in Claim 17, wherein an amount of the 
compound is added to and mixed with the liquid-crystal mixture to 
yield the resulting mixture/ wherein the amount of the compound is 
less than or equal to about 50% by weight of the resulting 
mixture • 

19. A compoxind as claimed in Claim 1, wherein 

wherein when D is NR^Rj^, then a is greater than or equal to 1 and less than or equal to 

25; 

wherein when R^^, R^, R^, Rg, and R^ are each H, and R^, R^, and 
D are each -CH3, A is not C(CN) (CN) ; 

wherein when R^, R^, R^, and Rp are each H, and R^, R^, and 
D are each -CH3, A is not C{CN) (CN) ; 

wherein when R^, Rp, R^, and R^ are each H, and R^,, R^, and 
D are each -CH3, A is not C(CN) (CN) ; and 

wherein when R^, R^^, R^/ Rq/ ^^d R^ are each H, and D is 

-CH3, A is not C(CN) (CN) . 

20. A ccffnposition as claimed in Claim 9, wherein the ooEtposition is a liquid- 
crystal ooonposition. 
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Abstract 



High-dielectric colorless or virtually colorless dopants for low- 
voltage and tunable clearing temperature liquid-crystal devices. 
These dopant compounds help reduce the operation voltage for both 
polar and non-polar liquid-crystal (LC) mixtures. Methods for 
making and using these dopant compounds are also disclosed. 
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As a named inventor, i hereby appoint the following attorney(s) and/or agent(s) to prosecute this application and 
transact all business in the Patent and Trademark Office connected therewith. (List name and registration number) 

Richard P. Berg, Reg. No, 28,145 Kam C. Louie, Reg. No. 33,008 

William R. Evans, Reg. No. 25,858 Richard J. Paciulan, Reg. No. 28,248 

Mavis S. Gallenson, Reg. No. 32,464 John Palmer, Reg. No. 36,885 

Peter D. Galloway, Reg. No. 27,886 William C. Boling, Reg. 41,625 

(check the following item, if applicable) 
[ ] Attached as part of this declaration and power of attorney is the authorization of the above-named 
attorney(s) to accept and follow instructions from my representative(s). 



SEND CORRESPONDENCE TO: 

John Palmer 

c/0 LADAS & PARRY 

5670 Wilshire Boulevard, Suite 2100 

Los Angeles, California 90036-5679 



DIRECT TELEPHONE CALLS TO: 
(Name and telephone number) 
John Palmer 

(323) 934-2300 



DECLARATION 

1 hereby declare that all statements made herein of my own knowledge are true and that all statements made on 
Information and belief are believed to be true; and further that these statements were made with the knowledge that 
willful false statements and the like so made are punishable by fine or imprisonment, or both, under Section 1001 of 
Title 18 of the United States Code, and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 

SIGNATURE(S) 

Full name of sole or first inventor Shin-Tson WU 

Inventor's signature 

Date Country of Citizenship U.S.A. 

Residence Northridqe. California 

Post Office Address 19138 Frankfort Street. Northridqe. California 91324 

Full name of second joint Inventor, if any Seth Marder 

Inventor's signature 

Date Country of Citizenship U.S.A. 

Residence Tuscon. Arizona 

Post Office Address 3085 East Manzadita Ridoe Place. Tuscon. Arizona 85718 

Full name of third joint inventor, if any Qing T. Zhang 

Inventor's signature 

Date Country of Citizenship China 

Residence Tuscon. Arizona 

Post Office Address 3401 North Columbus Boulevard. Apt. 13J. Tuscon. Arizona 85712 
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CHECK PROPER BOX(ES) FOR ANY OF THE FOLLOWING ADDED PAGES(S) 
WHICH FORM A PART OF THIS DECLARATION 

[ ] Signature for third and subsequent joint inventors. Number of pages added 



[ ] Signature by administrator{trix), executor(trix) or legal representative for deceased or incapacitated 
inventor. Number of pages added . 

[ ] Signature for inventor who refuses to sign or cannot be reached by person authorized under 37 CFR 
147. Number of pages added _ 



I ] Added pages to combined declaration and power of attorney for divisional, continuation-in-part (GIF) 
application. 

Number of pages added 



[ ] Authorization of attorney(s) to accept and follow instructions from representative. 



if no further pages form a part of this Deciaration then end this Deciaration with this page and checfc the 
foiiowing item. 

[ X] This declaration ends with this page. 
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